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LONG-TERM IN VIVO REGENERATION OF PERIPHERAL NERVES

THROUGH BIOENGINEERED NERVE GRAFTS
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Abstract—Although autologous nerve graft is still the first
choice strategy in nerve reconstruction, it has the severe dis-
advantage of the sacrifice of a functional nerve. Cell transplan-
tation in a bioartificial conduit is an alternative strategy to im-
prove nerve regeneration. Nerve fibrin conduits were seeded
with various cell types: primary Schwann cells (SC), SC-like
differentiated bone marrow-derived mesenchymal stem cells
(dMSC), SC-like differentiated adipose-derived stem cells
(dASC). Two further control groups were fibrin conduits without
cells and autografts. Conduits were used to bridge a 1 cm rat
sciatic nerve gap in a long term experiment (16 weeks). Func-
tional and morphological properties of regenerated nerves were
investigated. A reduction in muscle atrophy was observed in
the autograft and in all cell-seeded groups, when compared
with the empty fibrin conduits. SC showed significant improve-
ment in axon myelination and average fiber diameter of the
regenerated nerves. dASC were the most effective cell popula-
tion in terms of improvement of axonal and fiber diameter,
evoked potentials at the level of the gastrocnemius muscle and
regeneration of motoneurons, similar to the autografts. Given
these results and other advantages of adipose derived stem
cells such as ease of harvest and relative abundance, dASC
could be a clinically translatable route towards new methods to
enhance peripheral nerve repair. © 2011 IBRO. Published by
Elsevier Ltd. All rights reserved.

Key words: adipose-derived stem cells, fibrin conduit, nerve
repair, Schwann cell.

Peripheral nerve injuries can affect up to 5% of patients
that are admitted to a level 1 trauma centre (Belkas et al.,
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2004; Taylor et al., 2008). These injuries represent an
important issue in medicine as patients with peripheral
nerve trauma are often at the peak of their employment
productivity and any loss or decrease of function is partic-
ularly devastating (Whitlock et al., 2009). Driven by enor-
mous clinical need, interest in peripheral nerve regenera-
tion has become a prime focus of research and an area of
growth within the field of tissue engineering.

In clinical practice, ideal repair of a nerve injury is to
perform an end-to-end coaptation of proximal and distal
stumps to achieve a tension-free repair. If the loss of tissue
precludes this type of repair, autologous donor nerves are
currently the gold standard to bridge peripheral defects.
However, autograft harvest requires a second operative
site with the sacrifice of a functional nerve, resulting in
donor sensory loss, potential formation of neuroma and
neuropathic pain (Pfister et al., 2007; Zhang et al., 2010).
This dictates research towards the development of tissue
engineered alternatives: nerve conduits are tubular struc-
tures designed to bridge the gap of a sectioned nerve,
protect the nerve from scar formation and guide the regen-
erating fibers into the distal nerve stump (Mohanna et al.,
2005; Pfister et al., 2007). A number of attempts have been
made to develop conduits made of synthetic or biodegrad-
able materials (Belkas et al., 2004), which could guide the
regenerating axons without inhibiting the process of growth
and maturation. To date, none of them can be considered
an effective clinical alternative to the autograft.

For these reasons, researchers have focused on improv-
ing bioengineered scaffolds by recreating features of the
permissive environment present in the peripheral nervous
system (PNS) after injury. The regenerative potential present
in the PNS is thought to be due to the interplay between
growth factors, cellular elements (Schwann cells), their basal
lamina and the extracellular matrix proteins (Ide, 1996; Hall,
1997; Chalfoun et al., 2006). Schwann cells (SC) and their
basal lamina represent the key component of nerve regen-
eration, as they serve as scaffolds for the regenerating axons,
which grow through the empty basal lamina tubes. Prolifer-
ating SC also produce many neurotrophic factors (Terenghi,
1995; Mirsky et al., 2002) which can improve peripheral re-
generation in vivo (Guenard et al., 1992; Mosahebi et al.,
001; Rodriguez et al., 2005). SC however have limited clin-

cal applications since the culture of an adequate quantity of
ells to achieve optimal conditions for transplantation in nerve
onduits is time consuming and requires particular care for in
itro expansion and a constant input of growth factors
Pereira Lopes et al., 2006). Moreover, SC are not easily
ccessible without nerve biopsy and bear the need to sacri-

ce an autologous nerve, with the related complications of

ts reserved.
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anesthesia and pain at the harvest site (di Summa et al.,
2010; Erba et al., 2010). With the growing applicability of
stem cells in all avenues of medicine, new opportunities have
become available for the treatment for degenerative and
traumatic nerve injuries (Barry and Murphy, 2004; Gardner,
2007).

Adult stem cells (Sanchez-Ramos et al., 2000; Kokai et
al., 2005) show ability to differentiate into neuro-progenitor
type cells. Bone marrow-derived mesenchymal stem cells
(MSCs) can be induced to differentiate into non-mesenchy-
mal fates in vitro, such as Schwann cells (Dezawa et al.,
2001; Caddick et al., 2006), improving myelin formation and
nerve regeneration in vivo after their transplantation into dif-
ferent models of peripheral nerve injury (Tohill et al., 2004a;
Keilhoff et al., 2006). In the last few years, adipose tissue has
been indicated as a novel and promising source of multipo-
tent cells (adipose-derived stem cells, ASC), which can be
differentiated towards mesenchymal and non-mesenchymal
lineages, similar to bone-marrow stromal cells (Zuk et al.,
2001, 2002; Tholpady et al., 2003; Strem et al., 2005). More-
over, ASC can be easily isolated in large quantities and
expanded in vitro (Kingham et al., 2007; Matsumoto et al.,
2008) and, in terms of clinical use, they may be harvested by
conventional liposuction procedure under local anaesthesia,
with considerably lower donor site morbidity when compared
with bone marrow aspiration.

Since the first reports of induction of ASC into a neu-
ronal phenotype (Safford et al., 2002; Zuk et al., 2002),
there have been a number of studies showing expression
of mature neuronal and glial markers (Ashjian et al., 2003;
Kang et al., 2004; Safford et al., 2004; Guilak et al., 2006)
as we recently reviewed (Erba et al., 2010). Our group
showed how ASC could be differentiated towards a
Schwann cell-like phenotype, expressing markers like
S-100, glial fibrillary acidic protein (GFAP) and P75 neu-
rotrophin receptor and enhancing neurite outgrowth in an
in vitro co-culture model (Kingham et al., 2007). Recently,
we discovered expression of myelin proteins P0 and pe-
ripheral myelin protein 22 after differentiation of both ASC
and MSC (Mantovani et al., 2010). We confirmed the neu-
rotrophic potential shown in vitro from differentiated adi-
pose-derived stem cells (dASC) with a brief term in vivo
study (di Summa et al., 2010). Bioresorbable nerve guides
made by fibrin glue (Kalbermatten et al., 2009) were
seeded with different types of regenerative cells including
primary Schwann cells and SC-like differentiated mesen-
chymal and adipose-derived stem cells. After sciatic nerve
axotomy, the conduits were implanted and the nerves were
left to regenerate across a 1 cm gap for 2 weeks. The
groups in which the conduit was combined with the cells
showed enhanced axonal regeneration and Schwann cell
migration when compared with the empty fibrin conduit,
and dASC displayed similar potency as differentiated MSC
(dMSC) (di Summa et al., 2010). The aim of this current
study was to determine whether these encouraging results
could translate to long-term benefits for nerve repair. We
present a 4-month study using fibrin conduits seeded with
various cell types and control autografts to repair a 1-cm

rat sciatic nerve gap. Histological analysis, retrograde mo-
toneuron labelling, electrophysiology and evaluation of
muscle atrophy are described.

EXPERIMENTAL PROCEDURES

Experimental animals

All animal protocols were approved by the local veterinary com-
mission in Lausanne, Switzerland and were carried out in accor-
dance with the European Community Council directive 86/609/
ECC for the care and use of laboratory animals. Male Sprague–
Dawley rats (Janvier, France) weighing 250 g were used for this
study.

Cell cultures and differentiation

All cells were obtained from Sprague–Dawley rats (Janvier,
France). Schwann cells were isolated from sciatic nerves as pre-
viously described (di Summa et al., 2010) and maintained in
Dulbecco’s Modified Eagle’s Medium plus Glutamax (DMEM, In-
vitrogen, UK) containing 10% foetal bovine serum (FBS), 1%
penicillin-streptomycin and supplemented with 14 �M forskolin
nd 126 ng/ml neuregulin.

ASC were harvested as described previously (Kingham et al.,
007) and maintained in Modified Eagle Medium (�-MEM; Invit-

rogen, UK) containing 10% (v/v) FBS, and 1% (v/v) penicillin/
streptomycin solution.

MSC were harvested from adult Sprague–Dawley rat femoral
bones as previously described (Caddick et al., 2006; di Summa et
al., 2010) and maintained in the same growth medium as for ASC.

Undifferentiated ASC and MSC where differentiated at early
passages. Growth medium was removed from sub-confluent cul-
tures and replaced with medium supplemented with 1 mM �-mer-
aptoethanol (Sigma-Aldrich, UK) for 24 h. Cells were then
ashed and fresh medium supplemented with 35 ng/ml all-trans-

etinoic acid was added. A further 72 h later, cells were washed
nd medium replaced with differentiation medium; cell growth
edium supplemented with 5 ng/ml platelet-derived growth factor

PDGF; PeproTech Ltd., UK), 10 ng/ml basic fibroblast growth
actor (bFGF; PeproTech Ltd., UK), 14 �M forskolin and 40 ng/ml
of recombinant neuregulin-�1 (NRG1-�1, R&D Systems, UK).

ells were incubated for 2 weeks under these conditions with
resh medium added approximately every 72 h. In order to confirm
he effectiveness of the differentiation of stem cells and their
imilarity to the Schwann cell population, we performed cell im-
unostaining for typical Schwann cells markers S100 and GFAP
s previously described (Caddick et al., 2006; Kingham et al.,
007). The percentage of double positive cells were as follows:
chwann cells 97.4�2.1%, bone marrow MSC 61.8�5.2% and
SC 42.74�8.4%.

Fibrin conduit preparation

The fibrin conduit was prepared from two compound fibrin glue
(Tisseel® Kit VH 1.0, Baxter SA, USA) as previously described (di
Summa et al., 2010). Fibrin glue was dispensed in a silicone
prepared mould around a stainless steel core and pressed into
shape for 5 min. This allows the generation of uniform conduits
measuring 14 mm in length, with a 2 mm lumen and 1 mm wall
thickness designed to bridge a 10 mm gap in the left sciatic nerve
of 250 g adult Sprague–Dawley rats.

Experimental design and surgical procedure

Five experimental groups were included: fibrin conduit without
cells (empty), fibrin conduit seeded with primary adult SC, fibrin
conduit seeded with dMSC, fibrin conduit seeded with dASC and
a control group composed by autografts. All groups (each one

formed by five animals for a total n�25) were left in place for 16



i

r
s

b
(
m
l
p
s
d
p
b
d
p
d
l
(
b

E
5
2
a
l
e

c
t
p
t
e
M
S
d

b
c
i
I
c
n
l

m
(
m

c
(
w
w
3
D
B

e
m
m
c
I
s

P. G. di Summa et al. / Neuroscience 181 (2011) 278–291280
weeks and subsequently conduits were harvested together with
the proximal and distal nerve stumps.

A few hours before implantation in the rats, cells were
trypsinized and after centrifugation, 2�106 cells were suspended
n 50 �l of growth medium and injected into the fibrin tubes. To
avoid cell dispersion during the procedure, one side of the fibrin
tube was capped by a fibrin glue clot as we previously reported (di
Summa et al., 2010). Before implantation, the fibrin conduit was
easily decapped from the fibrin clots at its ends. The fibrin tubes
without cells contained just growth medium. The operation was
performed on the left sciatic nerve under aseptic conditions using
a power focus surgical microscope (Carl Zeiss, Germany). A skin
incision from the left knee to the hip was made for exposure of the
underlying muscles, which were then retracted to reveal the sciatic
nerve (di Summa et al., 2010). The sciatic nerve was transected
and nerve ends were fixed to the conduit by a single epineural
suture (9/0 Prolene, Ethicon, Germany): proximal and distal nerve
stumps were inserted 2 mm into the tube thus leaving a 10 mm
gap. In the autograft group, after meticulous dissection of the
sciatic nerve, a 1 cm segment was excised, reversed and resu-
tured on each side by two epineural sutures (Pettersson et al.,
2010). Muscles and fascia layers were closed with single resorb-
able stitches (4/0 Softcat, Braun, Germany) and the skin by a
continuous running suture (4/0 Prolene, Ethicon, Germany). All
experimental groups were housed on sawdust, one animal/cage
with a 12 h light:12 h dark cycle (lights on at 06.00 h) and received
food and water ad libitum.

Electrophysiology

Fifteen weeks after implantation of nerve conduits, animals were
anesthetized with isoflurane (AttaneTM, Minrad, USA) and the
egenerated sciatic nerve was exposed under a dissecting micro-
cope as outlined above.

Electromyographic analysis was carried out by stimulating
oth proximally (S1) and distally (S2) to the regenerated nerve
unresorbed prolene sutures were taken as referral points) with a
onopolar cathodic electrode (Prass Standard Monopolar Stimu-

ator, Xomed®, Medtronic, Jacksonville, USA), the anode being
ositioned on the rat tail. Stimulations were increased to the
upramaximal level (square negative pulse, 1 Hz; 0.2-ms pulse
uration; 1 mA) in order to elicit compound evoked muscle action
otentials (CMAP). CMAP reproductibility was visually determined
y four consecutive stimulations that were averaged for CMAP
elays and amplitudes measurement (deflection from zero from
eak-to-peak). Muscle contractions were recorded by paired sub-
ermal electrodes placed into the gastrocnemius muscle of the left

imb. Recordings were made using a Micromed System 98 EMG
Micromed, Treviso, Italy) equipment and the signal was filtered
etween 10 and 1000 Hz.

Retrograde neuronal labelling

In order to identify spinal motoneurons which had regenerated
through the neural conduit, a fluorescent dye was injected distally
to the distal suture to retrogradely trace neurons in the spinal cord.
15 weeks after implantation, but 6 days before explantation, the
surgical site was reopened under isoflurane general anesthesia
(Attane™, MinRad, USA) and 5 �l of a 4% Fast Blue solution (FB,

MS-Chemie GmbH, Germany) was injected into the sciatic nerve
mm distal to the implant as previously described (Fine et al.,

002). After labelling, the nerve was rinsed in normal saline to
void any non-specific labelling and the wound was closed in

ayers. Animals were left to survive six further days in order to
nable labelling of the neurons.

Tissue harvesting and processing

Regenerated sciatic nerves. After 16 weeks of conduit im-

plantation, the animals were deeply anaesthetized with an i.p. t
injection of a mixture 1:5 of ketamine (Ketalar, Parke-Davis; 75 mg
kg�1) and xylazine (Rompun, Bayer; 10 mg kg�1). The regener-
ated left sciatic nerves were harvested under operating micro-
scope together with proximal and distal stump. Nerve samples
were fixed in 4% paraformaldehyde in PBS for 2–4 h and then
washed and stored in 0.2 g glycine in 100 ml PBS prior to em-
bedding. On the day of embedding, after a further PBS wash,
nerves were immersed for 2 h in 2% osmium tetroxide (Sigma, St.
Louis, MO, USA) in the same PBS solution. The nerves were then
dehydrated by an increasing alcohol series starting from 30%
ethanol. The specimens were then embedded in paraffin and
serial cross sections (5-�m thick) were cut using a rotary Ultrami-
rotome (Leica Mycrosystems, Wetzlar, Germany). Cross sec-
ions of nerves were conducted starting 1 mm distally to the distal
rolene suture (where the distal stump had been originally sutured
o the conduit) in order to allow visualization of regenerated fibers
ntering the distal nerve stump. Slides were either stained with
asson’s trichrome according to an established protocol (Di
cipio et al., 2008) or directly mounted in DPX (Fluka) after
ehydration with ascending ethanol passages.

Gastrocnemius muscles. Using the operating microscope,
oth left and right (control) gastrocnemius muscles were carefully
leaned and dissected out, dividing their tendinous origin and
nsertion from the bone. Muscles were weighed following harvest.
n each rat, the gastrocnemius muscle weight ratio (experimental/
ontrol, E/C) was calculated based on the weight of the gastroc-
emius muscle on the experimental leg (left leg) versus the control

eg (right leg) according to the following formula:

E/C�weight experimental/weight control muscle

Spinal cords. After nerve and muscle harvesting the ani-
als were administered an i.p. overdose of sodium pentobarbital

Somnasol, Butler Animal Health Supply, Dublin, OH, USA; 240
g kg�1) and perfused transcardially with a cold 0.9% saline

solution, followed by 4% paraformaldehyde in PBS (pH�7.4). The
spinal cord segments L4–L6 were harvested and post fixed over-
night in 4% paraformaldehide at 4 °C. Spinal cords were then
cryoprotected in 30% sucrose for 48 h at 4 °C, embedded in OCT
freezing media (Tissue-tek, Sakura, Japan) and stored at �80 °C.
Serial longitudinal 50-�m thick sections were cut using a cryomi-
rotome (Leica instruments, Germany) and mounted on slides
Superfrost® plus, Menzel-Gläser, Germany). Slides were then
ashed for 15 min in PBS, followed by a final wash in nanopure
ater and left to dry overnight in the dark. The following day, after
min dehydration in toluene, the slides were cover-slipped with
PX and examined under fluorescence microscope (Olympus
X40, Olympus America Inc., USA).

Retrograde labelled motoneurons count

Nuclear profiles of labelled motoneurons were counted in all sec-
tions at 250� final magnification with a fluorescence microscope
(Olympus BX40, Olympus America Inc., USA). Since uniformity
was noticed in nuclear size and since the nuclear diameters were
small in comparison to the section thickness (Jacob, 1998), the
total number of nuclear profiles was not corrected for split nuclei
according to previous experience (Pettersson et al., 2010).

Histomorphometry and image analysis

5 �m-thick distal cross sections of regenerated nerves of different
xperimental groups were examined by light microscopy at a final
agnification of 400�. Automatic, real-time pattern matching,
osaic images were taken in order to reconstruct the whole nerve

ross area at high definition (MosaicPro, Explora Nova Laboratory
maging, Bordeaux, France). For the morphometric analysis of the
ciatic nerve, five representative fields covering at least 20% of

he nerve cross-sectional area were selected. Samples were
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given a code to conceal their identity and then five random fields
were selected in the central body and superior, inferior, left and
right lateral thirds of the sample. At least 500 fibers were analysed
per animal: the cross section area, the number of myelinated
fibers (n), myelin thickness (MT), average axonal diameter (AD)
and fiber diameter (FD) were assessed using Image ProPlus
Imaging software version 4.5 (Media Cybernetics, Marlow, UK).
From the above mentioned measurements were obtained the
g-ratio (AD/FD) and the fiber density, calculated as number of
fibers/mm2. The axonal area (� AD/2)2 and the fiber area (�
FD/2)2 were obtained assuming the circularity of the nerve fiber
area (Wang et al., 2010). The myelinated area was considered as
the difference between fiber area and axonal area. Once all anal-
ysis was complete the samples were decoded and mean�SEM
calculated for each group.

Data and statistical analysis

One-way analysis of variance (ANOVA) with Bonferroni multiple
comparison test was used to statistically analyse data (GraphPad
Prism 5.00, San Diego, USA). Distribution of axonal and fiber
diameters were analysed using Stata version 9.1 (StataCorp LP,
College Station, USA); percentages were compared by Bonfer-
roni multiple comparison test. Significance was determined as
* P�0.05, ** P�0.01, *** P�0.001.

RESULTS

Post-operative complications and autotomy

All animals survived the surgical procedure and recovered
from anaesthesia. One animal from the fibrin�SC group
developed a postoperative subcutaneous hematoma at the
surgical site which was evacuated with no consequences.
No other surgical complications occurred except autotomy
of the foot following sciatic nerve axotomy. Major autotomy
of the experimental foot (considered as complete loss or
damage to multiple phalanges and/or presence of open
wounds), which lead to premature euthanasia of the ani-
mals, was detected in three animals out of 25 (12%: two
animals from the dMSC group, one animal from the SC
group), and always developed within the first month after
nerve axotomy. New animals to re-establish the n number/
group, substituted these animals.

In vivo electrophysiological analysis

Fifteen weeks post implantation of the conduit and 6 days
before euthanasia, the surgical site of the left (experimen-
tal) sciatic nerve was reopened under aseptic conditions
and the electrical properties of the regenerated nerves
were tested in vivo. Before CMAP recording, all nerves
were tested for viability using the following methods. Tibial
and peroneal branches distal to the regenerated gap were
briefly stimulated to assess muscle specific movements
(plantar flexion for the tibial nerve and foot eversion for the
peroneal). Contraction of the gluteal muscles and conse-
quent movement of the paw was considered as a proof of
nerve viability (Whitlock et al., 2009) and successful re-
generation across the gap. All rats of all examined groups
(empty fibrin conduit, dMSC, dASC, SC and autograft)
showed successful muscle contraction. After assessment
of nerve viability, CMAP were recorded and four electro-

myographic waves were averaged in each rat (Fig. 1). The
monopolar cathodic electrode was set on 1 mA and the
regenerated nerves were stimulated proximally (S1). The
experiment was repeated distally (S2) to the point were the
conduit had been sutured in order assess efficient conduc-
tivity without dispersion.

CMAP in the autograft group and in the group of fibrin

Fig. 1. The electrophysiology set-up (A), with visualization of proximal (*)
and distal (**) stimulation site, recording electrode at the level of gastroc-
nemius muscle (GM), anode placed subdermally at the level of the tail
(A-), ground (G). Graphs showing the mean amplitudes of compound
muscle action potential (CMAP) after stimulation of the sciatic nerve with
a monopolar cathodic electrode both proximally (B) and distally (C) to the
regenerated segment. Values shown are mean�SEM, significance is
referred to the empty fibrin conduit group: * P�0.05, ** P�0.01. For
nterpretation of the references to color in this figure legend, the reader is
eferred to the Web version of this article.
conduit seeded with dASC, showed significantly higher
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amplitudes when compared with the empty fibrin conduit
group (** Autograft 5.75 mV�1.067; * dASC 5.35
mV�0.58 vs. empty 1.86 mV�0.29). In the groups where
fibrin conduits were seeded with dMSC and SC, recorded
values were almost double the amplitudes recorded in the
empty fibrin group (dMSC 3.51 mV�0.378; SC 3.44
mV�0.59) (Fig. 1B), but did not reach significance. No
statistical difference was present when comparing the
other experimental groups between themselves. When
considering CMAP that followed the stimulation in S2,
distally to the regenerated nerve, we could observe a
pattern of amplitudes which almost overlapped the pattern
seen after proximal stimulations (Fig. 1C). These measure-
ments confirmed the absence of signal dispersion and the

Fig. 2. Regenerated nerve 16 wks after implantation in situ (A) and af
significant differences referred to the empty fibrin conduit group (C). Fa
repaired by simple empty fibrin conduit, fibrin conduit seeded with SC
Schwann cells (SC) and autografts (columns from left to right). Scale ba
o the empty fibrin conduit group: * P�0.05, ** P�0.01. For interpretat

eb version of this article.
good conductivity of new nerves. As proximally, the au-
tograft group and the group of fibrin seeded with dASC
generated wave potentials significantly higher when com-
pared to the empty fibrin conduit group (respectively:
empty 2.03 mV�0.60; dMSC 3.03 mV�0.45; * dASC 5.41
mV�0.61; SC 3.36 mV�0.67; * autograft 6.07 mV�1.13).

Harvesting of regenerated nerves

At 4 months post implantation, conduits and autografts
were explanted (Fig. 2). Fibrin was found to be totally
resorbed and in all groups the proximal and distal stumps
could be easily identified. Partial adherences of the regen-
erated nerve to the surrounding muscular tissue were re-
moved by minimal blunt dissection under an operating
microscope. No evidence of site infection, scar tissue or

sting (B). Graph showing mean number of counted motoneurons and
elled spinal motoneurons 16 wks following total sciatic nerve axotomy

erentiated MSC (dMSC), SC-like differentiated ASC (dASC), primary
; values shown are expressed as mean�SEM, significance is referred
references to color in this figure legend, the reader is referred to the
ter harve
st blue lab
-like diff
r: 50 �m
signs of neuroma were found.
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Quantification of labelled motor neurons

The number of motoneurons extending axons through the
neural guides was evaluated by counting Fast-Blue traced
neurons. All spinal cords showed presence of retrogradely
traced neurons, confirming the crossing of the gap and the
viability of the regenerated nerves (Fig. 2).

In the autograft group, 16 weeks following total left
ciatic axotomy and nerve grafting, 990�45 (mean�SEM)
pinal motoneurons had regenerated across the 1 cm gap.
hese results were found to be significantly higher
hen compared with the empty fibrin conduit group
hich showed only 452�41 regenerated motoneurons

** P�0.01). All fibrin conduits seeded with cells showed
igher number of regenerated motoneurons when com-
ared with the empty fibrin conduit group (Fig. 2C). Al-
hough all cell groups showed a strong positive trend, just
he group in which the fibrin conduit was seeded with
ASC, showed a significantly higher count of neurons,
pproaching the numbers of the autografts (F�dMSC
57�96; * F�dASC 921�68; F�SC 786�126, all ex-
ressed as mean�SEM).

et muscle mass

total transection of the sciatic nerve produces the loss of
he neural innervation to the gastrocnemius muscle, which
eads to a decrease in the muscle mass (Fig. 3A). This
ecline in muscle mass was quantified in this study by

Fig. 3. The evaluation of muscle atrophy 16 wks after total axotomy (exper
fibrin conduit treatment, fibrin conduit seeded with SC-like differentiated M
autografts (A, from top to bottom). Graph showing mean gastrocnemius musc
the groups (B). Values shown are expressed as mean�SEM, significance is

f the references to color in this figure legend, the reader is referred to the Web versio
eighing the excised gastrocnemius muscle and calculat-
ng a ratio of muscle mass, based on the mass of the
xperimental muscle vs. the mass of the muscle in the
ontrol side (referred as E/C). As the E/C ratio approaches
, less muscle atrophy is present. The highest E/C ratio
as displayed by the autograft group, which was signifi-
antly higher when compared with the empty fibrin conduit
roup (*** Autograft 0.51�0.03 vs. F empty 0.34�0.014,
ll expressed as mean�SEM). When the fibrin conduit
as coupled with regenerative cells, they showed a pro-

ective effect against muscle atrophy, with significantly
igher muscle mass when compared to the fibrin conduit
lone (respectively: * F�dMSC 0.432�0.013; * F�dASC
.437�0.03; F�SC 0.453�0.02 all expressed as mean�
EM) (Fig. 3B). No significant differences were found
hen the groups which received the cells were compared

o the autograft. All the experimental groups were also
xpressed as a percentage of the gold standard control
autograft), reaching over 85% of the gastrocnemius mus-
le mass of the autografts when cells were seeded

nto the fibrin conduits (F empty 66.43%�2.826;
F�dMSC 84.60%�2.620; * F�dASC 85.45%�5.628;
F�SC 88.67%�3.242, all expressed as mean�SEM).

Histological and morphometric analysis

Examination by light microscopy of cross sections through
the distal part of the regenerated nerves was conducted

uscles on the left and contralateral on the right) and repair by simple empty
C), SC-like differentiated ASC (dASC), primary Schwann cells (SC) and
atio (experimental/control, E/C) and statistically significant differences among
to the empty fibrin conduit group: * P�0.05, *** P�0.001. For interpretation
imental m
SC (dMS

le weight r
referred
n of this article.
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(Fig. 4). Whole nerve cross sectional areas were com-

Fig. 4. Evaluation of sciatic nerve regeneration 16 wks after total ax
SC-like differentiated MSC (dMSC), SC-like differentiated ASC (dAS
Columns from left to right: the general appearance of whole nerve cr

yelinated axons in the distal stump, 1 mm distal to the suture site (s
pared between the groups, showing no statistical differ- g

ences between them. However, autograft and F�dASC

ith simple empty fibrin conduit treatment, fibrin conduit seeded with
ary Schwann cells (SC) and autografts (rows from top to bottom).

ions (scale bar: 500 �m), light microscopy representative pictures of
s: 10 and 20 �m).
otomy w
C), prim

oss sect
roups showed a tendency towards a bigger cross sec-
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tional area when compared to the empty fibrin conduit
(P�0.52 and P�0.209 respectively). Endoneurial architec-
ture was conserved but myelinated axons were not always
enclosed in fascicles. The average number of myelinated
axons entering the distal stump ranged from 3616�604 in
the empty fibrin conduit group to 6902�1300 in the
F�dASC group (Fig. 5A). However, no differences were
statistically evident across the experimental groups (Table
1). When considering the differences in terms of cross
sectional area among the groups, the fiber density (n fi-
bers/nerve surface) gives a more correct estimation of the
number of regenerating fibers. Lowest fiber density was
found in the empty fibrin conduit group (12,230�1091
fibers/mm2), which was significantly inferior when com-
ared to the F�dMSC group (20,733�962 fibers/mm2,

P�0.05) (Fig. 5B). No other statistical difference
merged when comparing the other groups. When analyz-

ng morphological differences, average myelin thickness in
utograft and F�SC groups, resulted in significantly higher
alues when they were compared to the empty fibrin tube
autograft *** P�0.01; * F�SC P�0.05) (Fig. 6A). No
tatistical difference was noticed when the empty guide
as compared to the fibrin conduit seeded with dMSC

P�1) or dASC (P�0.058) (Table 1). The myelinated sur-
ace was significantly improved in autograft and F�dASC
roups when compared to the empty conduit (autograft
* P�0.01; * F�dASC P�0.05). The SC group did not
each a statistically significant difference in myelinated
urface, suggesting how this measure is influenced by the

Fig. 5. Graphs showing total number of fibers in the distal nerve stum
simple empty fibrin conduit treatment, fibrin conduit seeded with SC
Schwann cells (SC) and autografts. Values shown are expressed as m

Table 1. Morphometric analysis of the distal nerve stump

Fibrin empty F�dMS

MT (�m)�SEM 0.703�0.033 0.787�

AD (�m)�SEM 1.634�0.109 1.838�

D (�m)�SEM 3.049�0.151 3.412�

G-ratio (AD/FD)�SEM 0.524�0.019 0.527�

Axonal area (�m2)�SEM 2.613�0.351 3.212�

Fiber area (�m2)�SEM 8.413�0.804 10.27�

Myelinated area (�m2)�SEM 5.750�0.549 7.056�

Fiber density (n/mm2)�SEM 12,230�1091 20,733�

otal fiber count�SEM 3616�604 6231�

erve cross area (mm2)�SEM 0.299�0.052 0.296�

Significance values denoted with the * symbol compare samples

ignificance values denoted with # symbol compare samples with the fibrin�d
xonal diameter (Fig. 6B). Average axonal diameters (Fig.
A) of autograft and F�dASC were significantly improved
hen compared to the empty fibrin conduit group

* P�0.05). F�dMSC and F�SC showed a positive trend
n improving axon diameter without reaching a statistical
ignificance. Average fiber diameter estimations were ob-
ained by adding to the average AD the measured average
alue of myelin thickness times 2 (MT�2). Group analysis
onfirmed, as expected, the trend seen in AD, confirming a
ignificantly superior fiber diameter in the autograft and
�dASC groups when compared to the empty fibrin con-
uit (** P�0.01, Fig. 7B). F�SC group showed improved

average fiber diameter in absolute values but did not reach
significance, F�dMSC group displayed a significantly
smaller FD when compared to the autograft group
(P�0.05). The axonal and fiber diameter distribution
curves highlighted the skew towards greater sizes with the
addition of cells to the conduits or treatment with autograft
(Fig. 7A, B).

Using the previously obtained average axon and fiber
diameter, we were able to calculate average axonal (�
AD/2)2 and fiber (� FD/2)2 area among the different
groups, by assuming the cross-sectioned fibers as circles
as shown in previous publications (Piquilloud et al., 2007;
Wang et al., 2010). Average fiber area in the autograft and
F�dASC group was found to be almost double the value
encountered in the empty fibrin group (respectively: empty
fibrin 8.413�0.8043 �m2; autograft 16.57�1.742 �m2

** P�0.01; * F�dASC 15.58�1.956 �m2 * P�0.05). More-

d average fiber density (B) 16 wks after total axotomy and repair by
rentiated MSC (dMSC), SC-like differentiated ASC (dASC), primary
M, significance is referred to the empty fibrin conduit group: * P�0.05.

F�dASC F�SC Autograft

0.899�0.037 0.917�0.055* 1.032�0.060***##

2.266�0.172* 1.873�0.090 2.238�0.118*
4.081�0.226** 3.751�0.157 4.302�0.226**#

0.551�0.0144 0.499�0.020 0.5100�0.008
5.176�0.799* 3.522�0.371 4.854�0.502
15.58�1.956* 12.42�1.144 16.57�1.742**#

10.41�1.204* 8.898�0.886 11.72�1.273**#

15,984�2072 16,184�1350 15,200�2805
6902�1300 4724�542 6286�1210
0.436�0.033 0.307�0.0434 0.423�0.0420

e empty fibrin conduit group ( * P�0.05, ** P�0.01, *** P�0.001).
p (A) an
-like diffe
C

0.0196
0.077
0.0667
0.0140
0.241
0.356
0.217
962*
751
0.026

with th

MSC group ( # P�0.05, ## P�0.01).
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over, the autograft group resulted in a significantly higher
fiber surface when compared to the F�dMSC group
(P�0.05) (see Table 1 for further details). Myelinated area
was also calculated as the difference between fiber and
axonal areas, showing a similar pattern to the one of fiber
area (Fig. 6B). Finally, as a structural index of optimal
axonal myelination, the g-ratio (inner axonal diameter/
outer axonal diameter, AD/FD) was calculated. No statis-
tically significant differences in g-ratio values were identi-
fied among all groups (Table 1).

DISCUSSION

Successful crossing of a nerve gap depends on the forma-
tion of a new extracellular matrix scaffold, over which blood
vessels, fibroblasts and Schwann cells can migrate and
progress towards the distal nerve stump (Rodriguez et al.,
2000). Indeed, surviving axons from the proximal stump
will develop growth cones and extend along the connective
strands bridging the gap. Unless axonal contact is re-
established in a timely fashion, however, this growth sup-
portive environment is not maintained (Walsh and Midha,
2009). In longer defects, this may imply a failure of the
nerve regeneration process because the nerve stumps are
unable to provide in time a proper cable where regenera-
tive elements can migrate and create a permissive envi-
ronment to nerve regeneration (Belkas et al., 2004). Trans-
plantation of SC (Guenard et al., 1992; Tohill et al., 2004b;
Rodriguez et al., 2005) and bone marrow mesenchymal
stem cells (Dezawa et al., 2001; Tohill et al., 2004a; Keil-
hoff et al., 2006) into nerve guides has been shown to
provide proper support for regenerating axons, improving
fiber regeneration and remyelination.

Few publications are available on the long term effect
of ASC in nerve regeneration. In this study we chose 4
months as a time-point for analysis of the effect of cells on
regeneration—this is consistent with previous publications
describing different evaluation techniques for peripheral
nerve repair (Vleggeert-Lankamp, 2007). Santiago et al.

Fig. 6. Graphs showing average myelin thickness (A) and average my
empty fibrin conduit treatment, fibrin conduit seeded with SC-like diffe
cells (SC) and autografts. Values shown are expressed as mean�SEM
arrows: * P�0.05, ** P�0.01, *** P�0.001.
showed survival of undifferentiated human adipose precur-
sor cells up to 12 weeks after transplantation with a favour-
able effect on muscle atrophy. A modest decrease in mus-
cle atrophy was attributed to the cells that did not show any
spontaneous differentiation when in contact to the niche at
the injury site (Santiago et al., 2009). More recently, neu-
ronally differentiated adipose-derived stem cells, have
been successfully transplanted in a constructed acellular
nerve matrix derived from a porcine intercostal nerve, with
a significant increment in nerve regeneration at 3 months,
when compared to the constructed graft alone (Zhang et
al., 2010). Currently to the best of our knowledge, SC-like
differentiated ASC have never been tested in a long term
experiment within a bioartificial nerve conduit.

Fibrin is one of the extracellular matrix components
which serves as a natural growth terrain for regenerating
axons following nerve injury (Chen et al., 2007). Previous
works have shown its reliability as a matrix for stem cells
transplantation (Bensaid et al., 2003; Kalbermatten et al.,
2008) or for local delivery of neurotrophic factors (Jubran
and Widenfalk, 2003). A biodegradable tubular nerve con-
duit made of fibrin was shown to be an effective device,
ensuring axonal guidance and supporting long term neu-
ronal regeneration (Kalbermatten et al., 2009; Pettersson
et al., 2010). In our experience, fibrin exhibited key prop-
erties of a neural guide (Chalfoun et al., 2006) such as
simplicity of implantation, biodegradability, absence of
scarring or inflammatory reaction and efficient guidance of
axonal fibers. Fibers were able to cross a 1 cm sciatic
nerve gap, showing effective regeneration in both morpho-
logical (histology, muscle weight ratio) and functional
(electrophysiology, retrograde labelling of motoneurons)
investigations. However, besides confirming the reliability
of the fibrin conduit as a nerve guide in long term experi-
ments (Pettersson et al., 2010), the present report dem-
onstrates that combining the fibrin conduit with primary SC
and SC-like differentiated adult stem cells (dMSC and
dASC), could improve fibrin conduit performances in the
long term. Moreover, dASC seemed to be the most effec-

urface in the fibers (B) 16 wks after total axotomy and repair by simple
MSC (dMSC), SC-like differentiated ASC (dASC), primary Schwann

ally significant differences among the groups are shown by connecting
elinated s
rentiated
, statistic
tive cell line when compared to dMSC and even SC.
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Fig. 7. Axonal (left column) and fiber (right column) analysis 16 wks after total axotomy and repair by simple empty fibrin conduit treatment, fibrin
conduit seeded with SC-like differentiated MSC (dMSC), SC-like differentiated ASC (dASC), primary Schwann cells (SC) and autografts. Left column:
graph showing average axonal diameter (A) in different experimental groups; from top to bottom, average percentage distribution of axonal diameter
of each group. Right column: graph showing average fiber diameter (B) in different experimental groups; from top to bottom, average percentage
distribution of fiber diameter in each group. Values shown are expressed as mean�SEM, statistically significant differences among the groups are

shown by connecting arrows: * P�0.05, ** P�0.01.
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Fifteen weeks after conduit implantation, in order to
valuate the degree of reinnervation, we performed in vivo
easurements of CMAP at the gastrocnemius muscle,
fter stimulation proximally and distally to the regenerated
erve. CMAPs were recognized to have a resolving power
hen evaluating nerve regeneration and electrical func-

ionality of the grafted or regenerated nerves (Vleggeert-
ankamp, 2007). All animals in all groups showed electri-
al viability of the nerves, but differences in recorded am-
litudes were present among the groups. Amplitude
eductions are mainly due to axonal loss or presence of
maller calibre axons, but may be also influenced by de-
yelination when this leads to temporal dispersion or par-

ial distal conduction blocks (Johnsen and Fuglsang-Fred-
riksen, 2000; Tankisi et al., 2007). CMAPs after proximal
timulation of the sciatic nerve were significantly increased
n the autograft group and in the group of fibrin seeded with
ASC. This result reflects the morphometric analysis,
here these two groups showed a significant improved
xon and fiber diameter when compared to the empty fibrin
roup. Even if the SC group showed a significantly thicker
yelin sheet when compared to the empty fibrin conduit

Fig. 6A, B), they did not reach a significant superiority in
erms of axonal diameter (P�1) or fiber diameter (P�0.1).
his may explain the lower CMAPs despite the good ax-
nal myelination. In the group where fibrin was seeded
ith dMSC, wave amplitudes were similar to the SC group,
onsistent to the average diameter size between the two
roups. When CMAPs were recorded after stimulation dis-
al to the regenerated nerve, absolute values were gener-
lly conserved (see results section for details), with main-
ained relationships among the groups. This confirms that,
ven with differences between different groups, the gap
as crossed by functional fibers, with no blocks or anom-
lies in conductivity.

The origin of the regenerated fibers was identified by
etrograde labelling in order to assess eventual differences
n motoneuron regeneration capacities among the groups.
onsistently, the same groups which had displayed the
est muscle potentials in the electrophysiological tests
autograft and fibrin�dASC groups), showed a signifi-
antly higher number of regenerated motoneurons when
ompared to the empty fibrin conduit group. Even if ob-
erving a positive trend in motoneuron count in the SC and
MSC groups, we were not able to find a significant sta-
istical difference when these groups compared to the
mpty fibrin conduit group (P�0.172 and P�0.276, re-

spectively). Similar to previous reports (Pettersson et al.,
2010), the number of labelled motoneurons is not neces-
sarily correlated to the total distal fiber count. Indeed, in
regenerating nerves, fibers will branch at the time of lesion
towards the distal stump, including collateral branching
and misdirected growth that may simultaneously reach
different target organs (Rodriguez et al., 2000; Vleggeert-
Lankamp, 2007) and will successively incur the pruning
process (Brushart, 1993). As a result, when considering
together electrophysiological findings and retrograde la-
belled count of motoneurons, it seem that, closely to the

autograft, dASC allowed the formation of a higher number t
of neurons signalling to a motor unit, improving functional
contraction and CMAPs when compared to the empty fibrin
conduit.

Relative muscle weight ratio, defined as the ratio of the
gastrocnemius muscle weight from the experimental side
to that of the control side (E/C), is an indirect way to
estimate sciatic nerve regeneration. In our study, the three
groups seeded with regenerative cells (SC, dMSC, dASC),
manifested a significant improvement of wet muscle mass
when compared to the empty fibrin conduit group, almost
approaching 90% of the values encountered in the au-
tograft group. However, no differences were evident
among the three groups. In a previous report, undifferen-
tiated human adipose precursor cells, seemed to reduce
muscular atrophy after a sciatic nerve lesion in rats by
improving the size of muscle fibers (Santiago et al., 2009).
Nevertheless, the gastrocnemius muscle weight ratio did
not vary significantly, appearing less sensitive than the
myofibers/area ratio. Taken together, these results may
suggest that the E/C muscle ratio may be useful to globally
evaluate muscle trophism and reinnervation, but is less
informative to detect specific differences among the
groups (Vleggeert-Lankamp, 2007).

Extensive morphological analysis of the regenerated
distal nerves showed the distinct effect of cells or autograft
repair on multiple parameters such as axonal and fiber
diameters and myelinated surfaces. We found that g-ratio
values (AD/FD) were close to optimal and did not vary
among the groups, as a further proof of structurally and
functionally correct axonal myelination, independently from
single groups features (Chomiak and Hu, 2009). Taken
together, all these results confirmed the favourable effect
of primary SC, in term of myelination of regenerating fibers,
myelinated surface, prevention of muscle atrophy and im-
provement of fiber diameter, consistent with previous liter-
ature. SC-like differentiated MSC, even if displaying a
significant improvement in gastrocnemius muscle mass
after total axotomy, showed a weaker regenerative poten-
tial when compared to SC-like ASC, which closely ap-
proached the results of the autograft group in both mor-
phological and functional evaluations. Even if in a previous
in vivo experiment (di Summa et al., 2010), dMSC and
dASC showed overlapping results, in this long term study
dMSC did not achieve such dASC positive effects on re-
generation. The significantly higher fiber density registered
in the dMSC group may explain this difference as it could
be a sign of axonal branching (Vleggeert-Lankamp, 2007)
which leads to less efficient nerve conductivity and function
(Ijkema-Paassen et al., 2002) and may be interpreted as
the morphological features of a less mature nerve, where
motor axons collaterals, even if supporting muscle mass,
have not been pruned to “fine tune” the motor unit (Brown
and Booth, 1983; Brushart, 1993).

Although these experiments seem to provide good
vidence for the benefit of regenerative cells, in particular
ASC, in promoting axonal regeneration, relevant issues
eed to be addressed further. It has been previously
hown that cell survival within tube grafts may be poor in

he long term (Heine et al., 2004; Marchesi et al., 2007).
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This may lead to the question whether the growth promot-
ing effect should be addressed to the originally trans-
planted cell population or to an indirect effect of the en-
dogenous cell population, or both. Moreover, it is still dif-
ficult to explain exactly how these cells are exerting their
effect. Predifferentiating of stem cells to a Schwann cell
phenotype has been shown to remarkably improve survival
of the stem cells (McKenzie et al., 2006). This may be due
to the fact that mature Schwann cells survive denervation
events by secreting autocrine factors such as insulin-like
growth factor and neurotrophin 3 (Jessen and Mirsky,
1999), which lead to self preservation and supplying of the
injured nerve. Consequently, Schwann cell-like differenti-
ation could improve survival and effectiveness of trans-
planted stem cells. However, when quantified, precursor
cells have shown a survival rate between 0.5% and 38%,
depending on evaluation time point and cell type (Walsh
and Midha, 2009). If considering that improvement in re-
generation outcomes has been also observed in the ab-
sence or with minimal detection of transplanted cells (Pan
et al., 2007) a direct or indirect stimulation of resident glial
cells may be involved. It has been recently hypothesized
how transplanted adult bone marrow stem cells may indi-
rectly improve regeneration of motor and sensory axons
after sciatic nerve injury. Although the transplanted cells
did not show evidence of differentiation into Schwann cells
in situ, their presence dramatically increased the number
of macrophages, accelerating debris removal and increas-
ing the concentration of inflammatory, growth promoting
and trophic factors (Ribeiro-Resende et al., 2009). This
suggests that cells are supporting axonal growth by addi-
tional mechanisms such as production of cytokines and
neurotrophic factors or harnessing the inflammatory re-
sponse (Murakami et al., 2003), which lead to the prolifer-
ation of host Schwann and satellite cells. In this sense, the
presence of transplanted cells seems to be more crucial in
the early phase after injury to trigger the regeneration
process and boost the endogenous cell populations. Fur-
ther, in spinal cord injuries, adipose tissue stromal cells
have been shown to prevent apoptosis-mediated neuronal
death and hypomyelination by acting on macrophage and
glial cell infiltration at the site of injury (Kang et al., 2007).
The neuroprotective properties of dASC may be one pos-
sible mechanism of the improved regeneration we noticed
in the present experiment, as it seems to be consistent with
the higher number of retrograde labelled motoneurons
when compared to other experimental groups.

CONCLUSION

In conclusion, SC-like differentiated adipose-derived stem
cells confirmed in this long term in vivo experiment the
neurotrophic potential expressed in vitro, closely following
or even matching morphological and functional results of
the autografts, the actual gold standard in clinical practice.
These results suggest that SC-like differentiated ASC, may
substitute SC and are likely to be one of the most clini-
cally translatable cell types to be employed in nerve

regeneration.
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